Study Objectives: To identify weekly sleep trajectories (sleep pattern changing by day over a course of week) of specific characteristics and examine the associations between trajectory classes and obesity and hypertension.
Introduction
Sleep greatly influences people's daily functioning and physical and mental health. Many studies have observed an association between sleep quantity and quality with cardiovascular disease (CVD) risk [1] [2] [3] . Major CVD diseases are leading causes of mortality among US Hispanic/Latino individuals, and prevalence of hypertension and obesity varies markedly across Hispanic/ Latino background groups [4] . For these reasons, there is a strong interest in understanding the association between sleep measures and CVD risk factors in the diverse Hispanic/Latino population [5, 6] .
Patel et al. found both high variability in night-to-night sleep duration and increased daytime napping duration to be strongly associated with obesity, independent of mean nightly sleep duration [7] . In addition, Knutson et al. found that later sleep timing was significantly associated with higher estimated insulin resistance in both those with and without diabetes [8] . These findings suggest that characteristics of sleep beyond mean sleep duration may play a role in weight homeostasis and metabolic function, highlighting the complex relationship between sleep and metabolism. However, most prior studies have used summarized sleep measures over several days, which are unable to provide a complete description of sleep patterns, i.e. amount, quality, and regularity of sleep. For example, using standard deviation to summarize multinight sleep duration is not able to elucidate night-to-night patterns of variation. Despite the recent derivation of sleep trajectories from longitudinal data, which can vary within and between individuals, the sleep pattern changing by day over a course of week (weekly sleep trajectories) has not been investigated [9] [10] [11] .
Actigraphy-derived multinight data are an emerging tool, which not only provides detailed observations for each night but also allows for assessment of multinight variations. Since those daily level activity measures in literature are designed to describe 24 hr circadian rhythms (e.g. intraday variability score) and not specific to sleep [12, 13] , we derive a new measure from each day's actigraphy activity during nightly sleep and named, "intranight instability index." We further investigate whether this measure is indicative of nightly sleep patterns associated with hypertension or obesity.
The objective of this study is to utilize a longitudinal latent growth modeling approach to identify weekly sleep trajectories to describe temporal sleep patterns across a week. We hypothesized that the weekly sleep trajectory classes are associated with obesity and hypertension independent of sleep duration. The investigation of associations between weekly sleep trajectories derived from objective repeated measures data and CVD risk factors including examination of possible mediators might reveal new insights not evident from traditional summary sleep measures.
Methods

The Sueño study
The Hispanic Community Health Study/Study of Latinos (HCHS/ SOL) is a multicenter epidemiological study of 16 415 self-identified Hispanic/Latino adults at four field centers (Bronx, NY; Chicago, IL; Miami, FL; and San Diego, CA) [14, 15] . Study participants aged 18-74 underwent an extensive clinical exam and assessments to determine baseline risk factors between 2008 and 2011. The Sueño sleep ancillary study recruited 2252 individuals aged 18-64 from December 2010 to December 2013 who were within 30 months of their baseline HCHS/SOL examination. Participants were excluded if they reported a history of narcolepsy, severe obstructive sleep apnea, or were found to have severe obstructive sleep apnea on home sleep testing. Further details of this cohort have been previously described [16] . All Sueño participants were asked to wear an Actiwatch Spectrum (Philips Respironics, Murrysville, PA) device on their nondominant wrist and not remove the device for the duration of the study. In this paper, we consider only 2043 individuals who had at least 7 days actigraphy sleep data. The actigraphy method utilized by Sueño study follows the general guidelines in literature [17] .
Variables
Five conventional nightly sleep measures, wake after sleep onset (WASO), sleep duration, sleep latency (duration between time in bed and sleep onset), sleep midpoint (clock time of the epoch that is exactly midway in the sleep interval), and number of wake bouts (number of continuous periods of wake, at least 30 s long, during sleep interval) were summarized at the daily sleep interval level. Actigraphs were programmed to collect activity and ambient light data in 30 s epochs. A validated Sueño algorithm was used to set main rest intervals (interval starts from the first epoch scored as sleep and ends in the last epoch scored as sleep) based on four inputs: event markers, sleep diary, white light intensity, and activity in order of importance, respectively [16] . Once rest intervals were defined, the Actiware 5.59 algorithm was applied to generate sleep/wake status for each epoch. The 7 day sequence for weekly trajectory was from Monday to Sunday defined by sleep end time. For instance, if the sleep interval end time is between Monday 0:00 and 24:00, the day is referenced as Monday. This weekday reference of a sleep interval reflects the sleep start time in previous day, e.g. if sleep ends on Monday morning, the sleep start time is usually on Sunday.
Two conventional nap measures are considered: daytime napping duration and number of naps. Napping time was defined as minutes scored as sleep in blocks of at least 5 min occurring outside of the main sleep interval. The weekday reference for nap measures is based on nap ending time.
For this study, there were two CVD risk factors defined as the primary response variables: obesity and hypertension at the in-person Sueño visit. Obesity was defined as body mass index (BMI: weight/height 2 ) of greater than or equal to 30 kg/m 2 . Hypertension was defined as a self-reported physician diagnosis of high blood pressure that was not isolated to a pregnancy.
Intranight instability index
We proposed a new summary measure named intranight instability index (mean of activity count in a sleep interval divided by standard deviation of activity count in the same interval) to describe the nightly sleep pattern. Our theoretical derivation indicated that intranight instability index increases with the increasing of mean activity or the decreasing of percentage of epochs with zero activity count. This was evidenced by the strong data correlation between intranight instability index and mean activity (corr = 0.91, p < 0.001), and between intranight instability index and percentage of epochs with zero activity count (corr = −0.84, p < 0.001) during sleep. In addition, the magnitude of intranight instability index had a concordance with the magnitude of four commonly used sleep measures, which implies that larger intranight instability index is indicative of longer onset latency and WASO, less sleep efficiency (percentage of time spent asleep within sleep interval), and larger fragmentation index. These suggested intranight instability index as a marker of nightly sleep quality. See Supplementary Material for details.
Statistical methods
The reported values in the tables were weighted to adjust for HCHS/SOL sampling weights to account for the complex survey design. All analyses were conducted using SAS software, version 9.4. Latent class growth models (LCGM) are semiparametric techniques used to identify distinct subgroups of individuals following a similar pattern of change over time on a given variable [18] . They were used to identify groups who shared similar underlying trajectories over a week for relevant sleep measures in this study. LCGM univariate models (each model includes only one sleep measure as a response variable) were estimated using SAS Proc Traj, an add-on SAS procedure based on a semiparametric group-based modeling strategy [19, 20] . We do not consider multivariate models that simultaneously evaluate more than one sleep measure due to the problem of convergence when using Proc Traj. To account for uncertainty in trajectory group memberships assigned from posterior probability, 20 datasets with imputed membership were generated. Logistic regression analyses were applied to estimate the associations between sleep pattern groups and obesity and hypertension for each dataset, and the SAS MIANALYZE procedure was used to combine the results. See Supplementary Material for details on the estimation.
We also examined whether one of the two risk factors is a mediator for the association between the other risk factor and sleep trajectories in all models [21] . The results indicated that the association between hypertension and napping duration trajectories is partially explained by a mediator, obesity. A mediation analysis modifying the method by Valeri and VanderWeele was followed to appropriately account for the HCHS/SOL complex sampling design [22] .
Results
Wake after sleep onset
Five identified trajectories for WASO are shown in the top plot in Figure 1 : low-stable: 59.6 per cent of participants had an approximate 0.6 hr stable WASO; moderate-stable: 30.4 per cent of participants had a stable WASO slightly larger than 1 hr; highstable: 7.1 per cent of participants had stable WASO between 1.5 and 2 hr; increasing: 1.8 per cent of participants had WASO around 1 hr on weekdays and increased up to 3 hr in weekends; and high-concave: 1 per cent of participants had large WASO ranging from 1.5 to 3.5 hr with a concave curvature pattern.
The associations between trajectory classes and outcomes are shown in 
Daytime napping duration
The top plot in Figure 2 shows four identified trajectories for the daytime napping duration in hours: low-stable: 59.8 per cent of participants consistently had almost very little napping; decreasing: 25.6 per cent of participants had a decreasing trend from weekday towards weekend; increasing: 8.6 per cent of participants had an increasing pattern from weekdays towards weekend; high-concave: 6.0 per cent of participants had more than 1 hr napping duration with a concave pattern.
The results for modeling the association between hypertension and napping duration trajectories considering obesity as a mediator are shown in Table 2 . Compared with the low-stable class, the association between hypertension and the high-concave pattern class was significant (OR 2.27 [1.10-4.67]), and this association was mediated in part through obesity (OR 1.11 [1.00-1.22], p value = 0.054). The direct association was significant (OR 2.06 [1.00-4.21], p value = 0.049) and stronger than indirect association through obesity.
Intranight instability index
As shown in Figure 3 , there are four identified trajectories for intranight instability index. low: 38.2 per cent of participants had stable pattern with approximate 0.2 index; moderate: 42.0 per cent of participants had stable index about 0.25; high: 15.5 per cent of participants had index around 0.3 with slight increasing trend; and highly variable: 4.4 per cent of participants had a decreasing trend with large value of index above 0.35. It can been seen from subplots in Figure 3 that there were no significant differences for duration and time across different trajectory groups, but the differences exist for sleep quality (linear patterns for sleep onset latency, WASO, sleep efficiency, and sleep fragmentation index). It implies that intranight instability index is indicative of sleep quality more than duration. As shown in Table 1 , compared with the low intranight instability index class, individuals in high class had significant higher odds for both obesity (OR 
Trajectories by employment status
The distributions of trajectory classes were significantly different across three categories of employment status: unemployed, nonshift workers, and shift workers. The "shiftwork" variable was obtained from an occupational questionnaire administered on the day that actigraphy was begun. This questionnaire collected a variety of data related to work status, including commute time, number of jobs worked, and shift classification (afternoon shift, night shift, split shift, irregular shift/on call, and rotating shift), the latter used to define whether changing shifts was characteristic of current job (Supplementary Table 7 ). Compared with shift workers and unemployed individuals, nonshift workers had significantly higher proportion in trajectory classes with less variability (with lower WASO, shorter napping duration, or smaller intranight instability index). See Supplemental Table 5 for details.
Five other sleep measures
We also identified weekly trajectories for sleep duration, number of daytime naps, sleep onset latency, sleep midpoint, and number of wake bouts during sleep interval. However, these trajectories were not informative because the patterns were either relatively flat (reflecting mean values across the week) or not associated with obesity or hypertension. For example, the three identified weekly trajectories for sleep duration had parallel patterns being flat on weekdays and slightly increased on weekend. They can be represented as average sleep durations clustered around 5.8, 7.6, and 9.4 hr. Similar patterns were also observed for sleep midpoint. The varied trajectories for sleep onset latency were associated with neither obesity nor hypertension.
Discussion
Using LCGM, we identified heterogeneous weekly sleep trajectories and investigate their associations with obesity and hypertension. The existing studies investigating associations between sleep and CVD risk factors rely on data in which the sleep measures are summarized over multiple days. To the best of our knowledge, we are among the first to model the nonlinear patterns of daily sleep over a week and to study their association with obesity and hypertension using a novel longitudinal data analysis technique. In conclusion, the trajectories for WASO with relatively large weekly variability or longer duration were associated with an increased risk of obesity and hypertension. Daytime napping duration of more than 1 hr reflects poor nightly sleep and was associated with a higher risk of hypertension, and this association was mediated in part by obesity. The intranight instability index is indicative of nightly sleep quality. Larger values of intranight instability index were associated with increased risk of obesity and hypertension.
These heterogeneous patterns and associated CVD health implications were not evident from the traditional summary measures. For example, although the association between average WASO and obesity was not significant (OR 1.13 [0.98-1.30]), we identified the increasing trajectory for WASO with significant odds for obesity (OR 3.64 [1.23-10 .84]). As another example, the contrary patterns between increasing and decreasing trajectories for napping duration are not differentiable in terms of average napping duration (increasing: 25.5 min; decreasing: 23.9 min). These highlight the importance of temporal sleep beyond average measures.
Weekday-to-weekend differences in sleep seems to be the main factor driving the large inter-day variability for various sleep trajectories. Social jetlag (circadian dyssynchrony in sleep timing induced by work/school schedule) has been shown to be associated with poor health independent of sleep duration in several studies [23, 24] . The weekday/weekend differences in sleep mid-time were similar across various trajectory groups, which implies that social jetlag was not a significant confounder in our analysis. It appears that compensation for weekday sleep deficiencies is only beneficial when weekend sleep is not compromised in terms of both duration and quality. For instance, the participants in the increasing group for WASO had longer weekend sleep durations but worse sleep quality, and they had higher odds for obesity; the participants having better weekend sleep quality but shorter duration in the high-concave class for WASO were found to have a higher likelihood of hypertension.
Findings for napping duration trajectories support previous reports that short 10-30 min habitual napping is beneficial, and more than 1 hr daytime napping may be associated with CVD risk factors [25] [26] [27] . Moreover, our approach was strengthened by examining nightly sleep related to napping trajectory classes. It implies that the daytime nap is beneficial only when the nightly sleep deficiency is compromised in terms of both duration and quality. Individuals, who supplemented slightly shorter nightly sleep on weekdays (e.g. decreasing napping trajectory) or on weekends (e.g. increasing napping trajectory) by napping, were not at increased odds for obesity or hypertension. On the other hand, the daytime nap following relatively shorter nightly sleep was associated with a higher risk of obesity and hypertension in the high-concave napping trajectory class.
Our proposed nightly sleep measure, intranight instability index, combines information regarding mean activity with the percentage of epochs with zero activity count during sleep. This strengthens the ability of the index to predict metabolic outcomes. In terms of statistical significance and magnitude of odds ratio, Supplementary Table 2 shows that the intranight instability index was associated with both obesity and hypertension more strongly than most other single traditional measures. There were two exceptions: the OR was higher for WASO than for the intranight instability index for hypertension, and longer sleep duration was more strongly protective than did the intranight instability index representing a risk for obesity. Larger intranight instability index values indicate lower sleep quality and were associated with increased risk of obesity and hypertension. The effects for the highly variable intranight instability index trajectory were not significant and might be a result of lack of power. Supplementary Material provides additional details regarding the justification of intranight instability index.
The distribution of employment status by sleep trajectories shows that the highly variable sleep classes were not simply due to a high prevalence of shift workers since the distribution of sleep patterns was not significantly different between unemployed individuals and shift workers (Supplementary Table 5 ). This might be explained by findings in some studies that the unemployed individuals have lower sleep quality and shorter sleep duration [28] [29] [30] . Those employed individuals in the increasing group for WASO might experience high job stress due to long work hours (about 7.5 hr in average more than those in other groups) and therefore slept longer on weekends. The increasing and high-concave groups for WASO There are several limitations of our work that should be noted. In this study, the sleep intervals of Sueño actigraphy data were set using a standardized scoring algorithm. That was found to be highly reproducible in generating sleep variables with no significant differences in reproducibility across important subgroups and activity data [16] . However, the gold standard of sleep assessment, polysomnography, was not performed concurrently with actigraphy in the Sueño study. The measures derived from actigraphy data might not represent true sleep well with some errors, which results in biases in analysis. A reasonable assumption is that an individual's sleep habit would not change significantly over a short time period [10, 31] . This supports our estimates of general weekly sleep behavior. Whenever data are available, analyses based on sleep over weeks, months, and even years will be more informative and powerful in assessing sleep changes over time. It is known that different devices and scoring algorithms produce different counts for the same activity [32] . Therefore, the extent to which the methods describe here are generalizable to other devices or other methods of summarizing accelerometry is unclear at this time, and future studies will be required to validate the use of the intranight instability index in a broader range of settings. Finally, this was a cross-sectional study, that is, outcomes are observed at the time when sleep is measured. Longitudinal studies are needed to evaluate the association of sleep trajectories with CVD risk incidence.
We examine the complex associations of sleep with obesity and hypertension based on a more complete metric including nightly sleep, daytime naps, and sleep quality. Our findings suggest that beneficial sleep from a cardiovascular standpoint should have a stable pattern with relatively small weekly and nightly variability.
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Supplementary material is available at SLEEP online.
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